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ANALYSIS OF SPANWISE TEMPERATURE DISTRIBUTION IN THREE TYPES OF
AIR-COOLED TURBINE BLADE

By Jomx N. B. Livixgoop and W. Brron BrowN

SUMMARY

Methods for compuiing spanwise blade-temperature distri-
butions are derived for air-cooled hollow blades, air-cooled
hollow blades with inserts, and air-cooled blades containing
internal cooling fins. Individual and ecombined effects
on spanwise blade-temperature disiributions of cooling-air-
temperature change due to heat transfer and rotation, radiation,
and radial heat conduction are determined. In general,
the effects of radiation and radial heat conduction were found
to be small and the omission of these variations permitted the
construction of nondimensional charis for use in determining
spanwise temperature distributions through air-cooled turbine
blades.

An approximate method for determining the allowable stress-
limited blade-temperature distribution is included, with brief
accounts of a method for determining the marimum allowable
effective gas temperatures and the cooling-air requirements.
Numerical examples that illustrate the wuse of the various
temperature-distribution equations and of the nondimensional
charts are also included. :

INTRODUCTION

One of the most important limitations imposed on the
design and the performance of aircraft gas-turbine power
plants is the strength of the turbine materials; this strength
decreases as the temperature inecreases. Turbine c¢ooling
offers the possibility of removing this limitation, even with
the use of nonstrategic materials. Because of its relative
simplicity, the passing of air radially through the turbine
has been the subject of considerable investigation.

Theoretical and experimental studies made independently
in Germany, England, and the United States showed that
the circulation of cool air through hollow blades (fig. 1(a))
would allow the blades to operate several hundred degrees
below the effective gas temperature. Experiments with
inserts showed further that the required amount of cooling
air could be considerably reduced if an insert (fig. 1(b})
was used to block off the central part of the hollow-blade
air passage.

Knowledge of the temperature distribution through a
turbine of known design and operating conditions is impor-
tant. The predominant temperature gradients for air-
cooled blades are radial in direction. An analytical investi-
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(a) Hollow blade.
(b) Insert blade.
() Finned blade.
FieUre 1.—Cooling-passage configurations for air-cooled furbine blades.

gation of this- distribution was completed in 1949 at the
NACA Lewis laboratory and is reported herein. o
A one-dimensional spanwise equation forblade-temperature
distribution is derived for an air-cooled blade with an
insert; allowance is made in this equation for changes in

cooling-air temperature due to heat transfer and rotation,
753
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radiation, and radial heat conduction through the blade
metal. Modifications are made to adapt the equation to the
caleulation of temperature distribution in hollow blades and
in hollow blades with internal cooling fins.

The relative importance of the terms due to rotation,
radiation, and radial heat conduction is evaluated by omitting
the last three factors of the spanwise equation, one at a time.

A number of simplified solutions, which are adequate for.

many purposes, are thereby blbt-ained. These simplified solu-
tions permit the use of nondimensional charts, which give
the temperature distribution with a minimum of calculation
in all cases where radiation and radial conduction can be
neglected.

An approximate method for determining the allowable
stress-limited blade-temperature distribution is also pre-
sented and is used with the calculated blade-temperature
distribution to find the maximum allowable effective gas
temperature and the cooling-air requirements.

Finally, numerical illustrations are given, both of the com- -

plete solution and of the simplified solutions where the charts

can be used. These numerical results also clarify the relative -

values of the different terms and in many cases justify in
part the omission of some.

ANALYSIS

This investigation is limited to one-dimensionsl spanwise
blade-temperature distributions through air-cooled blades
having the three different general air-passage configurations,
as shown in figure 1. Because of this resfriction to spanwise
investigations, application of the temperature-distribution
equations that are derived herein is also limited. For metals

with low thermal conductivities, such as the high-temperature

alloys now in use, the results are valid for wall thicknesses
not exceeding about 0.15 inch. This condition can easily
be met in the central part of the blade, but cannot easily be
satisfied at the leading and trailing edges of current con-
figurations. Because the leading-edge outside heat-transfer
coefficient varies as the reciprocal of the square root of the
square root of the leading-edge radius, the chordwise temper-
ature distributions must be separately investigated when the
leading-edge radius is small. Use of auxiliary methods for
augmenting the cooling of the leading and trailing sections
must also be separately investigated. Because the temper-
ature gradients throughout the greater part of the blade are
essentially radial, knowledge of the radial temperature dis-
tribution provides a reasonably accurate indication of the
blade temperatures.

An equation for the span\mse blade-metal temperature
distribution is derived for an air-cooled blade with an insert,
with sllowance for cooling-air-temperature change due to
heat transfer and rotation, radiation, and radial heat conduc-
tion. Because calculatmns show that some of these effects
are of minor importance, simplified spanwise-temperature-

distribution equations may be obtained by neglecting some
of these factors. The results are presented as casesItoV,
and the modifications in the equations necessary to make
each applicable to hollow blades and hollow blades with
internal fins are noted. :

ASSUMPTIONS

In order to obtain a spanwise blade-metal temperature

. distribution (case I}, the following assumptlions are made:

1. The variations in area, perimeter, and thermal con-
ductivity are negligible over the blade span.

2. The outside and inside heat-transfer coefficients are
constant over the blade outer and inner surfaces, respeetively.

3. The effective gas temperature is constant over the blade
outer surface.

4. The only surfaces external to the rotor that radiate
heat to the blades are the turbine nozzles.

5. The turbine nozzles are at a temperature equal {o the
effective gas temperature relative to the rotor blades. For
cooled nozzles, this temperature is high; for unecooled nozzles,
this tengperature is low.

6. The radiation coefficients for nozzle, blade, and insert
surfaces remain constant at mean values over the blade span.

Assumptions 1 and 2 can be eliminated only if numerical
solutions are determined. Calculations that were made
revealed that when the factors in assumptions 1 and 2 are
permitted to vary and numerical solutions are used, very
little difference in the spanwise blade-temperature distribu-
tion results. Because of these rcsults and of the greater
simplicity in the use of closed solutions, assumptions 1 and 2
are made in the investigation presented herein.

The blade-temperature distribution is sensitive to selection
of the average inside heat-transfer cocfficient, which in turn
is dependent upon the passage configuration. For the nu-
merical results to be given subsequently, the inside heat-
transfer coeflicient was determined by use of equation (4f)
in reference 1 (p. 170):

_ DLGN\S k.
h;-—-0.0ZO( . ) D,

where the hydraulic diameter D, is given by

D=tk

(All sym_bols are defined in appendix A.) By neglecting
changes in /; due to variations in g, and %, and incorporating
the values of y, and %, in the constant,

b= 000288(”“( )08

This form is used in the calculations. Here the total wetted
perimeter [, and the total inside flow area A, vary with the
coolant-passage configurations.
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Calculations revealed that slight variations in effective gas
temperature result in even smaller variations in the spanwise
blade-temperature distributions. For large variations in
effective gas temperature, assumption 3 can be removed and
a general solution for the temperature distribution including
s change in effective gas temperature can be obtained.
Such a solution is given in a later section of this report.

BLADE-TEMPERATURE-DISTRIBUTION EQUATIONS

Case I.—Case I includes cooling-air-temperature change
due to heat transfer and rotation, radiation, and radial heat
conduction.

1. Insert blade.—A sketch of an air-cooled hollow blade
with an insert is given in figure 2. The directions of heat
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FIGTRE 2.—Heat flow in air-cooled turbine blade with insert.

flow in a section of the blade are shown. A heat balance
for this section is set up (appendix B), which reduces to

2 (Lt hl) (Te— )=

hdi(Ts—To ) +hdi(Ts—T4) (N

if it is assumed that no temperature gradient exists in the
insert. The following expression for the change in the
cooling-air temperature is obtained by differentiation of the
expression for T, . obtainable from equation (1) (appendix B,
equation (B2)):

T.. 14T, T,
iz =~ G I +G’ G+t @7 = )

kBlB,aa‘ TR,es

where
R
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A second expression for the change in cooling-air tempera-
ture is obtained by adding the changes due to the heat trans-
ferred by the blade and due to compression ir the blade
{appendix B}:

dga.c_ hili TB i(li—[_l:) T
x CptWq Cp W,

.+ x)
gJec,

ki,
wty ot Tt 3)
Substitution of the value of T,.., obtained by solving equa-
tion (1), into equation (3) and equating the result to equa-
tion (2) gives the blade-temperature-distribution equation

L. 8T (1 6y Gy L
h([i . OJZGQ
¢, Wa Gi— YL(GI+ G+ Gz):l TB—‘_ch’ r—

Gy .
[t 6+ 1i6,) Tt TG T, |

where
7. Beletl)

CpWe

For any chosen set of turbine operating conditions, the
coefficients in all terms in equation (4) are constants, and
equation (4) is a third-order ordinary linear differential
equation with constant coefficients. The method of solution
is standard. (See reference 2.}

The general solution to equation (4) contains three inte-
gration constants, and three boundary conditions are there-
fore .needed in order to evaluate these constants. The
boundary conditions are obtained by assuming a blade-root
cooling-air temperature, a blade-root metal temperature,
and 2 vanishing metal-temperature gradient at the blade tip.

2. Hollow blade.—Equation (4}, as previously stated, was
obtained for a blade with an insert; however, with slight
alterations, it may also be applied to hollow blades and
hollow blades with internal cooling fins. For a hollow blade,
hs and I, vanish. As a result, the value of I is altered and
@, and the coefficient of T, vanish. The following equation
to be used for a hollow blade results from the modLﬁcatlon B
of equation (4) by these minor changes:

3Ty kil 42T, dT hl
T2t Foyu; dar Ot O oG, BT
. szQ C!)sz hi[i
=72, * \g7e, "Tm, GsT"‘) ®)
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3. Finned blade.—More extensive changes are necessary
for application of equation (4) to a finned blade. In addition
to the changes noted for a hollow blade, alterations are
required in the area affected by conduction and in the inside
heat-transfer coefficient in order to account for the effects
of the fins. For radial conduction, the area lg 475, is re-
placed by Iz 4780+ 2L F for a finned blade (provided the
fins are attached to the rim), where I, is the effective fin
width from blade wall to mean camber line, 7, is the fin
thickness, and F is the number of fins.

For a finned blade, an inside heat-transfer coefficient based
on the total heat-transfer surface area and on the blade-wall
and fin temperatures can be obtained. It is convenient,
however, to determine an over-all inside heat-transfer coeffi-
cient for a finned blade based only on wall temperature and
wall-surface area. The following relation, originally derived
for finned flat plates (reference 3) and experimentally verified
for finned flat plates and finned cylinders, is used:

(2 tanh ¢>,L,+ ) ()

where m is the average fin spacing and
_ |2k

¢f_\/kaff

To summarize, when equation (4) is applied to a finned
blade, the value of Y7 is altered, @, and the cocfficient of T,
vanish, the values of G; and @; are altered, and &, is replaced
by h,, which is obtained as previously explained. The fol-

lowing equation to be used for a finned blade results from
the modification of equation (4) by these changes:

hy

7n+7'f

3 2
Ty Mk e g7 08T bie g1,
Gy *Gy! hely o,
— chpm_<chp 7"r'l'c:,wa‘ Gs Tz,s (7)
where
G . . hfzi e vew =
kz;(la a TB w+2Lf TIF')
and
P 2 o )
¢ kB(ZB av T B, w+2LfoF)

(For fins not attached to the rim, @ and Gy’ are replaced by
Gz and Gg.)

Case II.—Case ITincludes cooling-air-temperature change
due to heat transfer and rotation and radiation (neglects
radial conduction).

The parameter that measures the relative importance of
conduction to the rim is (reference 4)

© Wl hyLethols < by v | hily -
gJC,JT[ h'tl1 } zc+< }1+ )Tl] 13

REPORT 994—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

The spanwise blade-metal temperature distributions for
certain air-cooled hollow blades that have been studied
indicate that conduction to the rim is negligible beyond a
point 0.8 inch from the rim. The value of ¢ at this point is
between 3 and 4. For the air-cooled hollow blade of refer-
ence 5, the value of { for negligible conduetion to the rim is 3.4
and occurs at a point 10 percent of the blade span from the
root (0.4 in.). Equation (10) of reference 1 (p. 232) indi-
cates that when { is equal to or greater than 4, the tempera-
ture difference between the combustion gas and the blade
metal is changed less than 1.8 percent by conduction to the
rim. Conduction can therefore be noglected for values of ¢
equal to or greater than 3.5.

1. Insert blade.—When radial conduction is neglected, the
heat-balance equation (1) reduces to

(hNI:a_'l'_haln) (Tg,e_ TB) = ]bill (TB"‘ Ta. e) ‘}‘Iball (TB— T:) (8)
From equation (8) it is found that

_To_ hule g hwLodhde

T Yg }lgl( hilg (9)
where __
Y___ hgl( .
P hwLeF R LRI R
*Then
dTs. 1 dTs
& Y,z 7 U0

When equations (3) and (10) are equated and equation (9)
is used, the following expression results:

dTs hil,
CpWa

(7 Y)TB— 92yt

(11)

Cplly

For any chosen set of turbine operating conditions, cqua-
tion (11) reduces to a first-order linecar differential equation
with constant coefficients. The single integration constant
may be evaluated from an assumed cooling-air temperature
at the blade root.

2. Hollow blade—Equation (11) is applicable to hollow
air-cooled blades when alterations in I, and 13 are made;
these alterations result from the vanishing of both kA, and /,.
The resulting equation for a hollow blade is

dTB fli > Wty hNL!."}"..h.ﬂlo >,
Tt (=TT Ty (2 ket bde g )y,
(12)
where
Y/ hilf
3 hNLc'*'holo'l"htli

8. Finned blades.—Equation (11) can be applied to a finned
blade if, in addition to the alterations made for application
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to a hollow blade, the inside heat-transfer coefficient %, is
used. For a finned blade, equation (11) becomes

dTB hfzt wzl'
d;z- gde,

R ch A 0 -
(g‘j,-’;ﬁ wetbdr )T (13)

- (1~ 13") Te= T+

where
ks

hNLs+ha[a+hjli

Case IIIL—Case III includes cooling-air-temperature
change due to heat transfer and rotation (neglects radiation
and radial conductmn)

Equation (11) is applicable if insert and nozzle radiation,
in addition to radial conduction, are neglected. Calcu}atmns
that are discussed in a later section of this report revealed
that results obtained by use of equations (4) and (11) with
radiation neglected agreed very closely; as a result of the
greater simplicity, use of equation (11) is recommended
when conditions permit. According to a previous investiga-
tion, radiation effects may be neglected without sizable error
for stator temperatures as high as 3000° F. Also, neglecting
insert radiation results in no heat transfer between the insert
and the cooling air. Asa consequence, equation (3) reduces
to

T/ =

@Taq_ h Rl

wXr.-+x)
dﬂ.‘ (TB a.e) + (14)

gJe,
The heat-balance equation for this case is

hala(T‘.‘—TB)=hili(TB'—T¢,3) (15)

Equation (15) is solved for T,. and d7T,./dz is obtained.
This result is equated to equation (14) with the value of
T..inserted. The result is

dTls , holo ka.l, ¥ r.+x)

dzr ' ew (14N T2 cwdlFN Te.et gde, (T2 16)
where
kol
ML
A solution of equation {16} is
_ ol r.+x) —c—l:‘:li{_ﬁ Pwle (14N
Te=Tact—g g, +Ce =5 ——qq— D

The integration constant C; can be evaluated by substitu-
tion of equation (17) into equation (15) and apphcatmn of the
boundary condition

Ta,a=' a,e.r
when

It is found that

C;Cﬂz'wa (1 +R) wzr We Tg'd_Ta",r
gIhdE  gThl IEn

The result of the substitution of this expression for () into
equation (17) and of simplification leads to the nondimen-
sional blade-temperature distribution

Ci=

To—Ts _ 1 ~(gies) whi0,b z
Tg.e_Ta,e.r 1+)\ thalo(Tg.a—Ta.a,r) b'
1 hglbz
1— *(m c,Tw—,T)] [ W', ][cpwa(l+7\)_ ’]
[ ¢ thJo(Tg. Torerr) Rl T
(18)

It is possible to remove the restriction that T,, be
constant and to solve equatwn (16) for the blade-metal
temperature for a varying T,.. A more general solution
then results from equation (16) and is given as follows:

hol _ Belot
TB_e & w“(]_-l-)\) cpu’u(l _.E_R)f Tg ‘ecp Wc(l’{')\) dx
@+ 1) | Oe-ﬁm_w (19)
“gJdhd, gkl

The integration constant C; can be evaluated in the same
way that the value of the constant C; in equation (17} is
obtained.

Case IV.—Case IV includes cooling-air-temperature change
due to heat transfer from the blade only.

In several numerical calculations, some of which are
discussed in a later section, the predominant term in the

. . T,.—T»
evaluation of the temperature ratio 7-%*—2- is the expo-
Tg e Ta.a T

nential term, and the other two terms are of mipor
importance. This generalization is particularly true for

finned blades, as is shown, because the insertion of fins into

blades decreases the flow area and at the same time increases
the heat-transfer surface area; an increased value of &,
hence a smaller value of A, and a greater predominance of
the exponential term are thus obtained. For this reason,
it is desirable to know the temperature-distribution equation,
including the change in cooling-air temperature due to heat
transfer from the blades only.

The blade-temperature distribution for this ease can be
obtained by setting «w=0 in equation (18); that is,

Tye—Tn 1 _ _1_#5
Tz.l—ﬂ.e,r l'{_)\e (H—" e b) (20)

Case V.—Case V includes the average cooling-air temper-
ature. Inseveral available correlation equations (reference 6)
used for obtaining values of the inside heat-transfer

coefficient, fluid properties are based on blade temperature.

In order to obtain a first approximation of blade tempera-
tures preparatory to the caleulation of A4 it is desirable to

-J
&)
o~
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have as simple an equation for average blade temperature
as possible. Equation (21), which follows, gives an aver-
age blade temperature and is well suited for this purpose.

If an average cooling-air temperature is ‘assumed, an
average blade temperature for an air-cooled blade can be
immediately determined by the solution of equation (15):

a 6, an+)\Tg 3
142

If cach member of equation (21) is subtracted from T,

the following nondimensiopal equation is obtained:

Tg,e_'TB,an -1 i
Tg,c_'Ta,a,aa 1"’A

COOLING-AIR REQUIREMENTS

@1

TB e

- (22)

In order to determine the cooling-air requirements. for
the various blade configurations, the blade-temperature-
distribution equations just presented in cases I to V must be
used and, in addition, calculation of allowable blade-
temperature distributions must be possible. Allowable blade-
temperature distributions, dependent on the kind of blade
material and type of blade configuration considered, can be
obtained from blade-stress calculations and blade-failure
criterions; Centrifugal, bending, thermal, and vibratory
stresses are all present in a turbine blade.in operation.
Rupture, creep, and endurance limits are the primary failure
criterions.

Present knowledge of the magnitudes and the concentra-~
tions of the various stresses in a blade and of the predominant
blade-failure criterion is very limited; as a consequence, it
is necessary for a general analysis to approximate the allow-
able blade-temperature distribution in the best way possible.

This approximation has consisted of the consideration of
centrifugal stress and stress-rupture data only. Some allow-
ance for stresses other than centrifugal is made possible by
the introduetion of a safety factor; one such safety factor
is introduced if an allowable blade life in excess of that
desired is assumed. For an.assumed blade material, con-
figuration, allowable life, and tip speed, the allowable blade-
temperature distribution has been calculated in the following
way:

A radial stress distribution is obtained for the assumed
blade configuration and tip speed. ¥rom a cross plot of
available stress-rupture data for the assumed blade material
and blade life and the calculated radial stress distribution
through the blade, it is possible to determine the maximum
permissible spanwise temperature through the blade.

If the actual and allowable blade-temperature distribu-
tions for the same tip speed are obtained and plotted on the
same coordinates, the maximum allowable effective gas
temperature for this tip spged can be determined. This
maximum is determined when the actual blade-temperature-
distribution curve has a point of tangency with the allowable-
temperature curve (fig. 3). ~ Blade stresses above the allow-
able limit prevail in the section of a blade that corresponds
to any region of overlapping of the actual and allowable-
blade-temperature curves. The curves may also be used to
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FirURE 3.—Methbd of determining limiting speed and critical binvde section from ctrves
of temperature distribution and allowable stress-limited blade tempernture,

determine the maximum tip speed for a given caleulated
temperature distribution.

If an effective. gas temperature is assumed, blade-
temperature  distributions for various cooling-air ratios
may be determined, and the distribution that matches the
ailowable blade-temperature distribution then determines the
cooling-air requirement for the blade under consideration.

NONDIMENSIONAL CHARTS

‘Because the results of numerieal caleulations (such as the
examples hereinafter presented) revealed that the effects of
radial heat conduction are negligible exeept in the immedi-
ate vicinity of the blade root and that the effects of negleeting
both radial conduction and radiation.are also small, no
general solutions are obtained for the differential equations
involving these quantities. The first general solution that is
obtained for air cooling involves cooling-air-temperature
change due to heat transfer and rotation; this solution is
given by

.Tg,,—TB 1 ;_x“fr _ ww.b z
Tg,c_Ta.a,r 1+)\e <1 »" ) gJ}ba o(-ﬁga al r) b+

Rl P e orl R m

(18)

For any given turbine and set of turbine operating condi-
tions, the spanwise temperature distribution through the
air-cooled blades may be determined by use of figure 4 and




ANALYSIS OF SPANWISE TEMPERATURE DISTRIBUTION IN AIR-COOLED TURBINE BLADES

& simple calculation. Figure 4(a) serves to evaluate the first
term in the right member of equation (18).
conditions, values of the outside and inside heat-transfer
coefficients and values of the effective gas temperature and
the effective cooling-air temperature at the blade root can be

. .. hol,b
obtained. The abscissa in quadrant I represents c"i‘; » and a
pWa

family of curves for various values of z/b in quadrant I imme-

diately determines the values of h"{wb 7 represented as the
ﬂ a

ordinate in quadrants I and II. A family of curves in quad-

.For the given |
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1 hlsbz 1
T+x e b 1N

as the abscissa in quadrants II and III. The exponential
curve in quadrant IIT determines the values of the exponen-
tial function as the ordinates of quadrants IIT and IV.
Another family of curves (like those in quadrant IT) for

rant II for values of —— determines values of

1 . ..
values of 75— then determines, as the abscissa in quadrant
]

IV, the value of the first term in the right member of
equation (18).
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(a) Includes cooling-air-temperature change doe to heat transfer but neglects rotation, radiation, and radisl conduction. (A 21- by 22-in. print of this chart is available npon request
from NACA.)
FrGURE 4,—Chart for caleulation of spanwise temperature distribution through air-cooled furbine blade.
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(b) Ineludes cooling-air-temperature change due to heat transfer and part of offect of rotation. (A 22- by 13-in. print of this chart is available upon request from NACA,)
FiouRE 4.—Coneluded,

Calculation of the third term in the right member of
equation (18) can be made with figure 4(b). For any desired
blade position, the values of the exponential function were
found as the ordinates in quadrant I1Y of figure 4(a). These
values, subtracted from 1, form the abscissa in quadrant I
of figure 4(b). A family of curves in quadrant I for various
W,

determines as the ordinate the

values of G TR (T =T e
values of
1k sz)]
[1—9 SRR [thalf,(T, — )]

Another family of curves, in quadrant II, for values of

c_,,z%(_ll—l—_h)_ r, determines; as the abscissa of quadrant II, the

o%0

value of the third term in the right member of equation (18).
W™,

Theparameter ymultiplied by the appro-

J h Z (T L6 a.s. r) .
priate value of z, then yields the value of the second term
in the right member of equation (18).

Combination of the three right-member contributions .
yields the desired temperature ratio at any blade position,

and several repetitions for different blade positions will
result in the desired blade-temperature distribution.

If rotational effects are neglected, the right member of
equation (18) reduces to the first term; that is,

1 hylbx
Tee—Tn 1 e (1+xcpwab)
Tg,e_Ta,c,r 1+7\

and the temperature distribution through the air-cooled
blade can be found by use-of figure 4(a).

If in addition to neglecting effects of rotation, an average
cooling-air temperature is considered, the temperature-
distribution equation reduces to : -

Tye—Tow_ 1 .
Tt,c_'Ta,e,au 1 +7\ )
For a given turbine and set. of turbine operating conditions,

(20

= (22)

calculations of the heai-transfer cocfficients and of the
effective gas temperature and effective cooling-air temper-
ature at the blade root may be made. With these temper-
atures.and the inner- and outer-blade perimeters, the de-
sired temperature ratio can be determined from figure 5,

which contains a plot of -1:{1—77,,3‘“ against A,
g, e,av
1O
. \\
. \\ _
i T
H ?:‘.6 \ J S R
Al &
il A 1
N5 \ SRR o I -1- -~ |
) - . f-
4 L I O N SR
\ LR . — e
*3 \\ bl ==
2 Do S ]
\\
g I 2 3L 5 6 7
ae gt

FiauRE. 5.—Chart for caleulation of spanwise femperature distribution through alr-ogoled
turbine blade for average cooting-air temperature,

e
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ILLUSTRATIVE EXAMPLES

In order to illustrate the use of some of the analytical re-
sults previously presented and to determine the magnitudes of
some of the quantities contained in the analytical equations,
several numerical resulis are given. A turbine blade was
selected having an external shape similar to that of the rotor-
root section of a conventional gas-turbine design (fig. 1).
Numerical values used in the calculations are as follows:

TURBINE-BLADE DIMENSIONS
Number of blades_.._______ - mmmm e 54

Blade height, b, ft-—. . ___________________.__ 0. 333
Blade outer perimeter, &,, ft_ . ______._______________ 0. 385
Blade inner perimeter, &, f6. . _______________________ 0. 314
Perimeter of insert, &, f&- . . _________________ 0. 313
Perimeter of cooling passages for finned blade, I, ft________ 1. 070
External cross-sectional blade area, Ap, sq ft______________ 0. 00424
Area of cooling-air passage, 4., sq ft

Hollow blade_ - ..o ___.__._ e et e 0. 00241

Ingert blade. ... _____ 0. 00100

Finned blade_ ... . _________________ 0. 00147
Blade-tip radius, ro, ft..______________________________ 1. 083
Blade-wall thickness, 75w, -~ - o _____________ 0. 005
Effective blade width, L, £t ___________________________ 0. 1065
Effective fin width, Ly, ft___________ o __ 0. 009,
Fin spacing, m, ft_______ o __ 0. 0035
Fin thickness, =, ft.______________________ o ______ 0. 0017

CONDITIONS FOR NUMERICAL EXAMPLE

Hot-gas flow per blade, wy

Ib/br e 5260

Ibfsee o e 5260/3600
Cooling-air flow per blade, g

Ibfhr coolant-flow ratioX 5260

bfsee o ___ coolant-flow ratio}5260/3600
Qutside heat-transfer coefficient, ko

Biuf(hr)(°F) (sq fty - o 198

Btuf(sec) (°F) (sq ft) -~ oo e 198/3600
Cooling-air temperature at blade root, Ty, °F . .. .___. 400
Effective hot-gas temperature, Ty, °F o ._____ 1700-1900
Average insert temperature, T, °F . __________________ 700
Radiation coefficient from nozzle to blade wall for

Te,e=1700° F, hy

Btu/(br) (°F) {sq ) o oo _. 43

Btuf(sec}(°F) (sq ft) oo ____ 43/3600

Radiation coefficient from nozzle to blade wall for
T e=1900° F, hy
Btu/(hr) (CF) (sqq £8) oo oo - oo 56

Btu/f(see) ("F)(sq ) - - e e 56/3600
Radiation coefficient from blade wall to insert surface, h,

Btu/thry(°F¥(sq £ty oo ___ 12

Btu/{see)(°F¥(sq ft} - - o oo __ e 12/3600
Nozzle-surface emissivity .o _____ 0. 95
Insert-surface emissivity . . _________ Q. 50
Blade-wall emissivity at average Tg—1400° . 0. 90
Rotative speed, radiansfsee_._______- ___________________ 1200
Tip speed, u, ftfsee e _ 1300
Specific heat of cooling air, Btu/(b)(°F) . o o ___ 0. 241
Blade thermal conductivity,

Btufthr) (CF) (ft) - - o oo o e 12

Btu/(sec)(°FY(ft) . __________ e _ 12/3600

SOLUTION OF GENERAL CASE, CASEI

The first temperature distribution obtained is for the insert
blade and includes the cooling-gir-temperature change due
to heat transfer and rotation, radiation, and radial heat
conduction; that is, equation (4) is used. An effective gas

temperature of 1900° F, a blade-root cooling-air temperature
of 400° F, an average insert temperature of 700° F, and a

ratio of coolant flow to gas flow (coolant-flow ratio) of 0.03 _

are assumed. From the values given in the two preceding
tables, the coefficients in the differential equation are deter-
mingd as follows:

0.00288(1;4-1,)"2w,"®
Ac

_0.00288(0.3144-0.313)**[(0.03)(5260)]**
o 0.00100

=151 Btu/hr) °F) (sq ft)
=151/3600 Btu/(sec) (°F) (sq ft)

v h£=

F et D)

€W,

151 (0.31440.313}) 3600
T 3600 (0.241) (158)

—2.484 (ft)~!
kol

kBlB. asTB,w

(3600) (12) (0.314)
~(3600) (12) (0.350) (0.005)

=179.4 (ft)~?
ﬁJ;

kBZB,al TB, w

(3600) (151) (0.314)
~(3600) (12) (0.350) (0.005)

=2258 ({t)~?
hNLz'["haZo

kBlB.au TB.w

__[(56) (0.1065)+(198) (0.385)] 3600
T (3600) (12) (0.350) (0.005) .

—3014 (f)— :
G+ Gyt Go=(179.4+-2258 +3014)=6351 (fr)~*

hd:  (3600) (151) (0.314)
e (3600) (0.241) (158)

"fif Ga—(1.245) (2258)=2811 ({t)*
P

Gl =

Gz—_—'-'

Gi=

=1.245 (ft)-1

Y, (G4 G+ G5)=(2.484) (6351)=15,780 (fi})‘*

hil,

G— T, (G1+Ga 1+ G)=2811—15,780
€ We

=—12,970 (ft)~2

wzaz
gle,

(1200)* (2258)

—{@2.9) (778) (0.241) > 2&:500° F/(f)*
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sz'g
gde,

hals G—

CpWq

r»=(538,500)(0.75)=403,900° F/(ft)®

(3600) (151) (0.313) (2258)
0.241) (158) (3600) .

Y1 Gi=(2.484) (179.4)=445.8 (ft)~* =~ -;

2—805:(ft)‘3

(c, ’a G+ Y;Cﬁ) T,=(2805-}445.8) 700
=2,276,000° F/{t)?
V.G T, »=(2.484) (3914) (1900)=18,480,000° F/(ft)* .
The differential equation (4) then becomes

d TB d TB dTB
dx? dr
=—-538,5OQ$—21,TG0,000

——5+2.484 —6351——-—12,970T3

(23)
which may be rewritten as
(I#+2.484 D*—6351 D—12,970) T
=-—538,5002—21,160,000 ~ (24)

where D denotes differentiation. The complete solution to
this equation, which consists of two parts, is

TB=Cae‘2'°4"+ Cie™ 484 Cre~™92 4 41.532+1611 (25)

In order to evaluate the integration constants Cj, Cy, and
C;, the following boundary conditions were applied:

Ts=1200° F (assumed); =0
dTs/d2=0; £=0.333 -
T, »=400° F (assumed); =0

The use of the second boundary condition requires differ-
entiation of equation (25).
tion requires the solution of equation (1) for T,.. (see
appendix B, equation (B2)), which in turn requires knowl-
edge of the second derivative of equation (25).
tion (25),

dTy
dr

=—2.041 Cye~2%5|-79.48 C,e™4—79.92 Cie~ ™% 41.53

and

42Ty

T =4.168 Cpe~204*1 6317 Cye™-*"1-6388 Cpe %>

Apphcabxon of the boundarv conditions then yldds the follow-
ing three equations.for Cs, C;, and Cs:
1200=C;+ C;+ Cs+1611
0=~—1.034 C;-}+(248.1) (10" C;+-41.53
(2258) (400)=—(4.168 (3+86317 (,+6388 Cyp+6351 (34

6351 C,+-6351 Cs+10,230,000—7,562,000
or

03+ 04+05= —4.11 .

REPORT 994—NATIONAL ADVISORY

Use of the third boundary condi- -

From equa-
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—C5+(239.8) (10")Cy=—40.14
G+ (5.358) (1073)C,—(5.830) (10¥)Cy=—278.1
Tt was then found that
C;=—278.9
,=—1(1.330) (107)
=—=132.1
and hence, from equation (21}
To=—278.9 ¢—3Mz_1330 (107Y) ™%+
—132.1 7™ 41.53x+ 1611

Finally, by substitution of various values of z, the blade-
temperature distribution was determined as follows:

H =/ T's, *F}
0 0 1300
. 0167 .05 1307
.0333 .1 1342
05 .15 1358
. 0666 .2 1370
133 .4 1404
. 1008 .8 1434
. 2664 .8 1460
.333 1 147¢

This temperature distribution is shown by the solid line
(coolant-flow ratio, 0.03) in figure 6. Three other tempera-
s ture distributions are also shown in figure 6 to illustrate the
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FIGURE 6.—~Temperature distribution through air-cooled turbine blade with Insert includ-
ing change in cooling-air tempoerature due to heat transfer and rotation, radiation, and
radial conduetion. Blade- mot cooling-air femperature, £00° F; average insert temperature,

700° F.
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effect of & change in coolant-flow ratio and in effective gas
temperature. The permissible-blade-temperature curves
shown as the dashed curves were determined by cross-plofting
stress-to-rupture data for S-816 for 1000-hour life and 2
calculated centrifugal-stress distribution through the blade.

Results of similar calculations of temperature distributions
for a hollow air-cooled hlade are shown in figure 7. A com-
parison of figures 6 and 7 shows that for an effective gas
temperature of 1900° F the cooling-air requirement for the
insert blade is only about one-fourth that for the hollow blade
in the cases considered.

The effect of a change in blade-root temperature on the
temperature distribution for the insert blade is shown in
figure 8. It can be seen that no change in the temperature-
distribution curve results beyond a value of /b of about 0.23.
Hence, beyond this point, radial conduection can be neglected
with no error. In addition, even at the blade critical point,
& change of less than 10° results from a change in blade-root
temperature of 100° F. This value of 0.23 shown on figure
8 is in conformity with the previous discussion concerning the
possibility of neglecting radial conduction when the parame-
ter ¢ exceeds 3.5. '
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FIGGRE T—Temperature distribution through hellow air-cooled furbine biade including
change in cooling-air temperature due to heat transfer and rotation, radiation, and radial
conduction. Blade-root cooling-air temperature, £00° F.
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Fioure 9.—Effect on temperature distribution end coclant-fiow ratio of neglecting radial heat conduction in insert blade. Efective gas temperature, 1900° F; blade-root cooling-afr tempeca-
ture, 400° F; average insert temperature, 700° F.

RESULTS OF SOLUTION OF CASE II

The results of an investigation for case IT, which includes
cooling-air-temperature change due to heat transfer and ro-
tation and radiation but which neglects radial conduction,
is now given for the insert blade. For this investigation,
equation (11), which is a first-order Iinear differential equa-
tion that replaces the third-order equation (4¢) when conduc-
tion is neglected, was applied. In figure 9, the temperature
distribution obtained when radial conduction is neglected is
compared with that when conduection is included. The result
of neglecting radial conduction is to overestimate the hlade
temperature; hence, a slight increase in required coolant-
flow ratio results. In addition, when radial conduction is
neglected, the critical blade point is nearer the blade root.

Because the result of neglecting radial conduction resulted

in an overestimation of the blade temperature and because .

it was believed that the result of neglecting radiation would
be to underestimate the blade temperature, an example is
presented to show the result of neglecting both conduction

and radiation. The results are shown in figure 10.  Although
the combined effects of neglecting both radiation and radial
heat conduction result in a slight underestimation of the blade
temperature, it was decided fo use the simpler temperature-
distribution equation (equation (18)) in further investiga-
tions. It was this decision that led to the construclion of
the nondimensional charts showun in figures 4 and 5.
SOLUTION OF CASE lIf BY USE OF CHARTS

In order to illustrate the use of the nondimensional charts,
which were constructed so as to yield the same temperature
distribution as would be obtained by use of equation (18), a
25-fin air-cooled blade is considered. The numerical values
used in the caleulations are given in the section entitled
“Ilustrative Examples;” an effective gas temperature of
1900° F, a blade-root cooling-air temperature of 400° I, and
a coolant-flow ratio of 0.03 are assumed. The inside heat-
transfer coeflicient hy, involving the total internal surface
ared (fins and blade-wall areas), is determined in the usual
manner from the following equation:
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heat conduction in insert blade. Effective gas temperature, 1900° F; blade-root cooling-air temperature, 400° F; average insert temperature, 700° F.

0.00288 00288

b= (L)% 2(wa)"®
107\t 158\
=0.00288 (o.oo 147) 0.00147

=(0.00288)(728)*%107,300)°-¢
={0.00288)(3.74)(10,600)
=114 Btu/thr}(°F)(sq {t)
=114/3600 Biu/(sec)(°F)(sq ft)

The over-all inside heat-transfer coefficient, based only on

the inner blade surface area, is now calculated. The value
of

is found to be

_ / 2(114)(3600)
%=V 12(0.0017) (3600)

and the over-all coefficient A, is

J11,200=106(ft)"!

hf:m{t[—t,—, 2 tan; ¢.L, L m)
=(0.003;41r40.0017) 2o (11?)2)(0_009) ; 0.0035]
- a0 s __
=t (0.0140+0.0035)
30083 0-0175
—383 Btu/(hr) (°F) (sq ft)

=383/3600 Btu/(sec) (°F) (sq ft)
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The parameters necessary for application of the nondimen-
sional chart are:

holo_ (198)(0.385)(3600)

N =11, =(383)(0.314) (3600)

=0.634

{In the definition of A here, %, replaces h,.)

1 1
T =Te5—0612
hol,b_ (198) (0.385) (0.333)(3600) -
CpWa (0.241) (158) (3600) . 667 ]
1 hd,b
T o= (0.612) 0.667)=0.409
MW, (12002 (158) (3600)

(32.2) (778) (198) (0.385) (1500) (3600)
0.0794 (ft)—*
[c,,wa(l 42} :l (0.241) (158) (1.634) —0.7

(198) (0.385)
=0.815—0.750=0.065.(ft)

9Th A T ge—Toe)

The spanwise temperature distribution through the 25-fin
blade is determined as follows: The value 0.667 is located as
the abscissa in quadrant I of figure 4(a); a vertical line is
constructed through this point intersecting the family of
lines representing z/b. From edch of these intersections,
horizontal lines are drawn to intersect the quadrant IT line
representing 1/(143)=0.612. A sample path is shown in
figure 4(a). These intersections are then connected by
vertical lines to quadrant IIT to the curve that gives the value
of the exponential function as the ordinate. Horizontal
limes from these exponential values to the line representing

1/(142)=0.612 in quadrant IZV yield the desired first term of
1 hylbz

equation (18) _1.% ¢ m‘m‘i)’ on the horizontal axis at

the bottom quadrant IV. For the 25-fin blade, this first
term representing the heat fransferred by the blade was
found to be

for &
)]
0.612 0

. 560 .2
.515 4
475 .6
440 .8
.405 1.0

The third term in equation (18)

holgh
[1—8_(1']*'_7‘ Cp Wa %)] [ w0y
g holo (Tg.e—

][c,wa (1 —H\)_r]
B e, T) halo : !

can now be determined from figure 4(b). The values of
the abscissas in quadrant I are determined by subtracting
from 1 the ordinate in quadrant IIT of figure 4(a) for the
respective values of /b. (This ordinate has just been deter-
mined.) The parameter

w0y

thala (T’,J_Tﬂ. &, 7')

for this case is 0.0794 and intersections with this line by ver-
tical lines through the previously determined abscissas locate
the desired points in quadrant I. ° These points are joined
by horizontal lines to the line in quadrant IT representing
the parameter

CpWa (14N
hdo

A sample path is shown on figure 4(b). The corresponding
abscissas are the desired values, that is, the values of the
third term in equation (18). In this particular case, these
values are all less than 0.0018.

The second term in equation (18) represents the effect of
the centrifugal compression of the air and is obtained by
multiplication of the parameter in quadrant I of figure 4(b)
by the appropriate value of 2. For the problem under con-
sideration, the values of z are 0.333 times the value of z/b
considered. For the example heing considered, these values
are less than 0.027. Insertion of the values just found into
equation (18) results in

=0.065

z 1900-T'a T
] 1906400 ("l-E)
0 0.612 T
.2 + 560—0. 0053--0. 0004 1067
4 515~ . 0106+ . 0008 1144
.6 .475— . 0158+ . 0011 1210
.8 .440— . 02114 . 0014 1270
Lo .405— . 0265+ . 0018 1328

This temperature distribution is shown as tho lower curve of
figure 11.

A similar caleulation was made for the insert blade, under
the same hypotheses as those used for the finned blade. The
inside hea’o—transier coefficient for the insert blade was al-

ready found to be Btuf(sec) °F) (sq ft,) The values of

3600

halob and 2w¢b are unchanged
Cp We than(Tl e—Ta,¢,1) -
but because of the change in the value of ki, & new value of
» (A\=1.607) results. Therefore,

the pa?gmeters

1+)\—-0 384
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1 hJb o
T o o =038 (0.667)=0.256
e LHN) . _ (0.241) (158) (2.607) (3600) ..
Rd, " (3600) (19S) (0.385) 4o
=1.302—0.75
=0.552 (ft)

The use of figure 4 and the accompanying necessary simple
celculation gave the following results for the insert blade:

T 1900~ T's T
[ 1900—200 cn
0 0.384 ) 1324
.2 - 365—0.005-+0. 002 1358
v “347— L0111 .004 130
6 30— .06+ J008- | 1o
8 -313— _021+ .008 1450
1o 267 — 02+ .010 180

This temperature distribution is shown as the upper curve
on figure 11; it is about 350° F higher at the blade root and
150° F higher at the blade tip than the curve for the 25-fin
blade.

A comparison of these results with those for the finned
blade shows that by decreasing the inside heat-transfer
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coefficient, an increase in blade temperature results; that is,
the contribution from figure 4{a) decreases whereas that from
figure 4(b) increases, but because the contribution of figure
4(a) is predominating, increased temperatures result.

DISCUSSION

An equation is derived for calculating the spanwise blade-
temperature distribution for an air-cooled hollow blade with
an insert when the heat transfer by convection, conduction,
and radiation, and the heat of compression are considered.

Modifications in this equation necessary for its application

to hollow air-cooled blades and internally finned air-cooled
blades are noted. Simplified equations are also obtained by
neglecting, in turn, conduction; conduection and radiation;
and conduction, radiation, and the heat of compression.

Finally, a simplified equation giving an average metal fem- _

perature corresponding to an average air temperature is
obtained.

A comparison of temperature distributions, obtained for
the most general case (case I), reveals that for the insert
blade considered the required coolant-flow ratio was only
about one-fourth that required for the hollow blade. By
use of the nondimensional charts for a simplified temperature
equation for a fixed set of conditions, the temperatures in a

1500

Insert

1400

§

25 fins

Blade temperature, °F
S

3

IOGU/

[aa

a oS 2 -3

FIGURE 11.—Temperature distribution through insert and 25-fin air-cooled turbine blades, including only cooling-air-temperature change due to heat transfer and rotation. Effective gas _

.5 N
Blade position, x/&

temperature, 1900° F; bladeroot cooling-air terperature, 400° F; coolant-fow ratio, 0.03,

936646—51——50
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25-fin blade are also shown to be less than those in a blade
with an insert by about 350° F at the blade root and about
150° F at the blade tip.

The result of an investigation of the effect of neglecting
radial conduction (which results in reducing the order of the
differential equation from three to one and hence in simplify-
ing the solution) on the temperature distribution through
the insert blade shows that when conduction is neglected a
slight overestimation of the blade temperature is obtained.
By neglecting both radial conduction and radiation, however,
a slight underestimation of the blade temperature results
because of the counteracting influences of conduction and
radiation on the temperature distributions. Because this
result was found to be true for the large number of passages
studied, it was determined that representative results could
be obtained by use of the nondimensional charts.

Temperature distributions through the insert blade and
the 25-fin blade are determined hy use of these charts.
These distributions reveal that the term representing the
heat transferred by the blade predominates. For the

examples considered, this term is more than 10 fimes as .
large as the term representing the effect of centrifugal

compression of the air.

These results, although limited to a small range of shapes
and temperstures, indicate that, at least for certain condi-
tions, spanwise blade-temperature distributions may be very
ecasily obtained by use of the greatly simplified equations
or nondimensional charts.

REPORT 994—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

CONCLUDING REMARKS

Spanwise temperature-distribution equations are derived
for air-cooled hollow blades, air-cooled hollow blades with
inserts, and internally finned air-cooled blades. The cooling-
air-temperature changes due to heat transfer and rolation,
radiation, and radial conduction are initially considered,
and are then omitted in turn. Simplified cquations result
from these omissions. One method is presented for obtaining
an approximate stress-limited allowable blade-temperature
distribution and the cooling-air requirements.

Results of several numerical examples that are included
indicate that the simplified ecquations give suflicienily
accurate results for a wide range of configurations. In
order to facilitate the obtaining of solutions for these simpli-
fied cases, nondimensional charts are developed. By use
of these charts, simplified solutions can be obtained with a
minimum of ecaleulation. Two numerical illustrations
demonstrating the use of the nondimensional charts are
presented.

Lewis FLigaT PropursioN LABORATORY,
NaTtionar Apvisory COMMITTEE FOR AERONAUTICS,

CrevELAND, OHio, March 1, 1950.



APPENDIX A

SYMBOLS
The following symbols are used in the calculations and | u tip speed, ftfsec :
the figures: W velocity of cooling air relative to blades, ft/sec
A eross-sectional area, sq ft w weight-flow rate, Ib/sec
b blade Leight or span, ft x distance from blade root to blade element ft
Y, ... (5 integration constants e kil 1) £yt :
¢y specific heat at constant pressure, Btu/(b) (°F) : € » ({)”
D operator denoting differentiation Y, ko, .
D, hydraulic diameter, ft z hAvLethd,Fhdi+hd:
F number of fins YI , kil
G mass velocity, Ib/(sec) (sq ft) 2 hyLe+hod,+hil;
kel _ o R;
Gl A-BIB.GITB.M’ (ft) I i h.\rLs'l' holo+ h_{li
hily -2 holahil
% Elursw £ LR 7 e
’ hfli —3 ILJ,
62 kB(lH.anTB.W'I' 2L!TI-F), (ft) A hil
Gs hNLe+ halo, (ft)..z Jid ViSCOSit-y, lb/(sec) (ft)
kBlB,aI:T_Bi m—l—hJ T thickness, ft
’ N e a -2 . ,
Gs A‘B(IB,aa"B,w'{'zL!TfI")’ (ft) c'bf \ 2]“ (ft)_
g acceleration due to gravity, fifsec ® 1 velocity, radians/
h heat-transfer coefficient, Btu/(sec) (C¥) (sq ft) @ i Anguiar velocity, radiansfsec
J mechanical equivalent of heat, 778 ft-Ib/Btu Subseripts:
k thermal conduectivity, Btu/(sec) (°F) {t) a air
L, effective blade width, ft av average
L, effective fin width, ft B blade
l perimeter, ft e coolant passage
m average distance between fins, ft € effective .
Q heat-flow rate, Btu/sec J fin
Q: heat entering by conduction, Btu/sec g gas
Qs heat leaving by conduction, Btu/sec i inside
Q; heat entering by radiation from nozzles and by con- | max maximum
vection, Btu/sec - N nozzle
e, heat leaving by radiation to insert and by con- | © outside
vection, Btu/sec r blade root
r radius, ft 8 insert
T static temperature, °F T blade tip
™ total temperature, °F w wall
APPENDIX B

ONE-DIMENSIONAL SPANWISE TEMPERATURE DISTRIBUTION FOR AIR-COOLED HOLLOW TURBINE BLADE WITH INSERT

A heat balance for a small section of the blade height dz | (See reference 3.)
follow: . 2):
s (fig. 2) Q= hid(Ts— T )dz + hids( To— T)dz
d T where
¢i=kalzars, e dz (T =t 72d ) @: heat entering by conduction

@: heat leaving by conduction

dTs @; heat entering by radiation from nozzles and by convection

Q==I"BZB-G"'B.”E' Q. heat leaving by radiation to insert and by convection
and where 7., is the adiabatic temperature of the inner
Qi= Lo+ hd)(Tec—Ta)dz blade wall.
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The heat balance requires

Q Qz'l‘ Qs Q4=0

which reduces to

kBZB,avTB,and TB+<hN’L +h In)(Tg e"‘TB)'_" -
hddTo—To, )+ Rl To—To) @
or
T (G4 Gk G Tt GaTo + GUT 4 GTo =0 (BI)
where :
_ h—slf
G’l_kBZB,auTB,w
]Ililf
G2_l-BZB aTB,»
]LNL +h l -
Ga— kBlB.anTB,w )

The next step in the derivation of the desired temperature-
distribution equation is the elimination of the quantity T,
which can be accomplished by solving equation (B1) for
Ta., differentiating the resulting equation, and equating this
derivative to the total rise in cooling-air temperature due
to heat transferred by the blades and to the compression of
the air in the blades by centrifugal force.
sions for dT7,./dx are as follows: In the expression for
aT, ./dz, it is necessary also to remove T, by substltutmg
its value obtained from equation (B1).

From equation (B1),

The two expres-'

CoWd Ty e=hli(Ta—Ts Jda+hl(T,— Ty Jdx
or
dTa'g h{l—f ]'ot(l{-l—lg)
dx c,,fwaT €W, T. ‘_l_c,,w¢ ' B3)

The temperature rise due to compression in the blade is

obtained by assuming the small increment in effective
temperature d7,, equal to the small increment in cooling-air
total temperature d7%,. Because the cooling-air (otal
temperature is defined by

T+2ch,,

where T is the velocity of cooling air relative to the blade
coolant passage, the temperature rise due (o compression in
the blade is

w?’r dr
AT, .= e,
or
dT,, o0 W(rr+2)
dz  gJde, (B4)

where « is defined by the relation
r=r.+2

Thus, the total rise in cooling-air temperature is the sum of
equations (B3) and (B4); that is,

dTa_g hil‘ _ i(lf+ll) T
dz = ¢yw, CpWa

At 740D

c,;w.;

Equating equations (2) and (3), substituting equation (B2)

T, —6%’- ddi; B +G’ @, +Gg +G)To— G’1 T Ga T,, B2) in equation (3), and simplifying I?ad to the desired equation
d T B d T B dTB
Differentiation of equation (B2) gives Fraa Y‘ r— (Gt Gt G")
. h I¢ . 0)2 Gﬂ
dg;;,c= Gl ddi;B_*_G (G’L+G2+Gz) dTB (2) [cpw‘z Gz Yl(G["*' Gz+ Ga)] TB_ ——ch’ xr—
«?G, hils - n

The total rise in cooling-air temperature relative to the [ch: et c,,‘w Gi+ X 1G1) T+ X6 T l-‘]
blades is due to the heat transferred by the blades and to the '
compression of the air in the blades by centrifugal force. { where
The temperature rise due to the heat transferred by the v _ k@t
blades is e we
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